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ABSTRACT 

A novel alloy , Mg-3Zn-lCu-0.7Mn is fabricated using blend-press-sinter powder metallurgy technique, and the 
micro structural and mechanical properties of the alloy have been analyzed. Also, the effect of the stress-relieving process 
on the alloy is investigated. The results indicate that there is advancement in the tensile characteristics of the hot 
extruded alloy through grain refinement due to dynamic recrystallization that occurred during hot extrusion and 
homogeneous distribution of the secondary phases. It is also revealed that the stress-relieving process has a vital 
influence on tensile properties of the alloy, as it reduced the size and number of microvoids present in the alloy. The Cu 
addition to the alloy guides to the precipitation strengthening, by stimulating the precipitate formation of fine phases of 
Mg and Zn and cause for the increased mechanical properties of the alloy. Fracture behavior of the alloy upon loading 
is discussed in detail. 
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INTRODUCTION 

Magnesium alloys have pulled wide attention recently, in different sectors due to its lightweight. Along with its low 
density, it has superior strength to weight ratio, good damping property, good recycle-ability, stiffness, etc. So, it 
can be adopted in different applications like aerospace, aircraft, automobiles, etc [1-3]. Mg alloys are termed as the 
“green engineering and structural material of the 21st century”. The major reason for not gaining engineering 
applicability of Mg alloys is its inadequate mechanical properties; mainly the low strength at room temperature due 
to the hep structure of Mg and poor availability of active slip systems [4, 5]. The growth in the mechanical 
properties of Mg alloys will expand its application in various sectors particularly load carrying applications. It is 
observed that multi-alloying is a technique, used for magnifying the mechanical attributes of alloys. The most 
generally employed alloys of Mg are based on Mg-Al and Mg-Zn series. As the A1 content in Mg-Al alloys boost 
grain refinement, good yield strength and ultimate tensile strength are reported at room temperature. Precipitation 
strengthening can also be easily achieved in Mg-Zn alloys [6]. Compared to the different intermetallic phases of the 
Mg-Al and Mg-Zn series, it is clearly evident that Mg-Zn alloys are more stable at room temperature and elevated 
temperatures compared to the later. In addition to strength, Mg-Zn alloys show better creep resistance [6, 7]. 

Among various mechanisms, the highest strengthening factor is proclaimed for grain refinement, according to 
the Hell-Petch relation. Therefore, Grain refinement is the most reliable method for improving the tensile and yield 
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strength of materials [8-9]. Proper alloying elements have to be chosen for fabricating an alloy with balanced mechanical 
properties; as such elements form different intermetallic phases that enhance the grain refinement process, which would 
ultimately improve the strength of the alloys [10]. Copper addition in Mg alloys yields many stable and unstable phases, which 
improves the tensile properties, thermal stability and age hardening properties of Mg alloys [11]. But excessive Cu addition will 
deteriorate the mechanical properties of alloys. Cu addition more than 2 wt. % will lead to the excess formation of intermetallic 
compound MgZnCu, which is coarse and brittle in nature [12, 13]. The addition of an element like Mn, Al, Ni, Si, Zr, etc as the 
fourth alloying element has a significant effect on the mechanical characteristics of Mg-Zn-Cu alloy systems [13, 14]. Including 
Mn to Mg alloy greatly enriches the corrosion resistance of the alloy [15]. It also yields different intermetallics which ultimately 
raise the tensile strength, yield strength and fatigue strength of the alloy [16, 17]. Homma et al. reported that 0.5 wt. % Mn 
addition to the Mg-Zn-Cu alloy system improved the strength of the alloy and reduced the ductility and yield strength. Fine 
precipitates are evolved during the extrusion process due to the presence of Mn, which greatly enhances the grain refinement and 
thus the strength of the alloy [18]. Extrusion is one of the secondary processes, which alter the grain boundaries and enhance 
grain refinement which leads to attaining excellent mechanical properties [19]. The tensile yield strength and fracture strain of 
Mg-Zn-Ca-Mn alloy extruded at 300 C were improved considerably due to the complete dynamic recrystallization (DRX) and 
grain refinement occurred throughout the extrusion process [20]. ZHU et al., reported that the extrusion process has a vital effect 
on the mechanical characteristics of the Mg alloys, because of the complete DRX and grain refinement that appeared during the 
extrusion technique, which raised the yield strength, ultimate strength, and fracture strain [12]. 

The objective of this study is to fabricate a low-cost quaternary-alloy Mg-3Zn-lCu-0.7Mn, with a balance of 
strength and ductility using powder metallurgy and investigate the role of stress-relieving on the mechanical characteristics 
of the hot extruded alloy. 

EXPERIMENTAL PROCEDURE 

The raw alloy billet of Mg-3Zn-lCu-0.7Mn (named as ZC31M alloy) is synthesized with metal powders that are 
commercially available; Mg (99.99 wt.% purity, 200 mesh), Mn (99.99 wt.% purity, 200 mesh), Cu (99.99 wt.% purity, 
200 mesh) and Zn (99.99 wt.% purity, 200 mesh) using blend-press-sinter powder metallurgy process. The mixture of 
metal powders Mg (95-96 weight %), Zn (3-4 weight %), Cu (1-1.5 weight %) and Mn (0.7-1 weight %) is blended with 
a ball feed ratio of 3:1 on a ball milling machine at 100 rpm for one day and then filled in a compaction die of 65 mm 
diameter to compact it to an alloy billet with a load of 1.5 tonnes using a hydraulic power press. The billet is sintered at 
400 C for 1 hour with an electronic muffle furnace. The billet after sintering is extruded at a ratio 5.4:1 to a 12 mm 
diameter rod at a temperature of 400 C, applying a load of 2000 kN using a hydraulic power press with 0.2 to 0.5 mm/s 
speed. One set of samples of the extruded specimens is stress relieved at 260 C for 15 minutes in an electronic muffle 
furnace under argon atmosphere. Thus, two different sets of samples of specimens are prepared; one as-extruded (El) and 
another stress relieved (E2). 

The specimens for the optical microscopy is developed with the standard procedure by polishing it with an abrasive 
paper of different grades and finely etched with an etchant made of 1.5 g picric acid, 25 ml ethanol, 10 ml distilled water and 10 
ml acetic acid. The microstructure of the specimen is captured using an optical microscope. X-ray diffraction (XRD) is done with 
the alloy specimen for detailed phase analysis and to find out the phases present across the microstructure. Specimens for the 
tensile test are prepared according to ASTM standard E8M-16a are undergone tensile tests at room temperature with a rate of 
strain 1 x 10' 3 s" 1 . The fractographic images of the tensile specimens are captured with a scanning electron microscope (SEM). 
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Figure 1: Optical Micrographs of the Extruded ZC31M Alloys at 400 C (a) as- 
Extruded Alloy (El) (b) Stress Relieved Alloy at 260 C (E2). 


RESULTS AND DISCUSSION 

Microstructural Analysis 

The optical micrographs of the ZC31M alloys are given in Figure 1. A dendritic structure with the distribution of certain 
secondary phases along the dendrites is visible from the optical micrography. According to Figure 1(a) that exhibits the 
microstructure of as-extruded ZC31M alloy (El); a-Mg dendrites are well distributed across the entire micro structure. 
Different eutectic phases are visible in dispersed form near the grain boundaries due to the high extrusion ratio that is used 
during the extrusion process. The micropores and clustering of particles are clearly visible in the optical micrograph. The 
dislodging of particles during the grinding process and polishing process done before the microstructural characterization 
lead to the clustering of particles. The secondary phases found near the grain boundaries are identified with XRD analysis. 
The diffractograms indicate the appearance of secondary phases MgZnCu, MgZn2, and MgZn. The grains of the alloy are 
found to be refined well. The uniform distribution of the eutectic phase MgZnCu may be the basis for grain refinement 
attained in the alloy fabricated. Figure 1(b) displays the optical micrograph of the extruded ZC31M alloy stress relieved at 
260 C (E2), which exposes that the number and size of micropores decreased significantly after stress relieving. 

Figure 2 presents the XRD pattern of the as-extruded and stress relieved samples of the ZC31M alloy. Cu Ka 
radiation (1=1.54056 A) was employed to the test samples with a scanning speed of 27min to get the inter-planar 
spacing (d) and Bragg angles during the analysis. Both the values agree with the standard values for a-Mg, MgZnCu, 
MgZn 2 , and MgZn phases. MgZnCu is of an irregular shaped blocky phase, which is the Laves phase of C15 MgCu 2 
[21]. It has a brittle nature. The course particles observed here is MgZn 2 and the fine particles are of MgZn [22]. 

Physical Properties 

Table 1 represents the densities and porosities of the alloys synthesized. It is observed that the theoretical density is very 
close to the actual density, and thus resulted in minimum porosity values for the alloys. The porosity of the alloy is found 
to be reduced to half of the value after the stress-relieving process. It may be due to trapped gases during the blending and 
compaction process. While stress relieving, the trapped gases are released and the number of microvoids is reduced. It may 
be the reason for the reduction in porosity after the stress-relieving process. Here, the porosity of as-extruded alloy and 
stress relieved alloy, both are less than 0.5. It affirms that powder metallurgy is a good processing technique for the 
synthesis of Mg alloys. 
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Figure 2: XRD Patterns of the as-Extruded Alloy (El) and Stress 
Relieved Alloy at 260 C (E2). 


Mechanical Properties 

The ultimate tensile strength, yield strength and fracture strain of the ZC31M alloys are given in Table 2. The maximum 
tensile characteristics are claimed for the stress relieved alloy (E2) compared to that of pure Mg and as-extruded alloy 
(El) and obtained as the ultimate tensile strength of 258.21 MPa, yield strength of 158.24MPa and fracture strain of 
18.58%. But the as-extruded alloy displayed tensile properties lesser than the stress relieved alloy. But, the yield 
strength of E2 was smaller compared to that of El. This could be due to the poorly organized deformation and the 
presence of excess micropores in the sample. The engineering stress-strain plots of the alloys El and E2 are shown in 
figure 3. 


The moderately high fracture strain indicates the highest ductility for the ZC31M alloy. The excellent UTS and 
fracture strain may be justified by the following; (a) the hot extrusion at 400 C caused for the dynamic recrystallization 
of the alloy and as a result, the grains became well refined. The inverse relation between grain size and tensile 
properties is satisfied here, and therefore grain refinement is verified to be the prime reason for the enhanced properties, 
(b) The stress relieving process also played a crucial role in these better tensile properties that may be due to the size of 
micropores. Decreased or disappeared after the stress relieving process, (c) Another reason for these remarkable 
properties is the precipitation strengthening occurred in the alloy. The addition of Cu caused for a super saturation of 
alloy, which leads to the precipitation of fine phases of Mg and Zn. This phenomenon resulted in the precipitation 
strengthening of the alloy, (d) The inter metallics of Cu have better high-temperature properties, especially a high 
melting point. Here, the presence of MgZnCu reduced the solidification time, which leads to better grain refinement, (e) 
Since the dispersed phase, MgZnCu is very hard; the dislocation movement is hindered during the deformation process. 
It may be resulted in the superior tensile properties, particularly in the high fracture strain of the alloy, (f) The excellent 
fracture strain may also be due to a substantial quantity of basal slip, non-basal slip initiated by grain refinement, and 
movement of grain boundary under the influence of high stress. 


Table 1: Density and Porosity of the Composite Samples at Room Temperature 


Si. No. 

Material 

Theoretical Density 
(g/cc) 

Experimental Density 
(g/cc) 

Porosity (%) 

1 

Mg-3Zn-lCu-0.7Mn (El) 

1.815 

1.810 + 0.004 

0.275 + 0.006 

2 

Mg-3Zn-lCu-0.7Mn (E2) 

1.815 

1.813 +0.003 

0.110 + 0.005 
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Table 2: Tensile Properties of ZC31M Alloys at Ambient Temperature 


Material 

Ultimate Tensile Strength 
UTS (MPa) 

Yield Strength YS 
(MPa) 

Fracture Strain 

(%) 

Pure Mg 

150 

105 

5 

As-extruded Mg alloy (El) 

251.40 

193.02 

8.62 

Stress relieved Mg alloy (E2) 

258.21 

158.24 

18.58 



Figure 3: Engineering Stress-Strain Curve of ZC31M 
Alloys (a) as-extruded (b) Stress Relieved. 


SEM images of fracture surfaces of the tensile specimens are exhibited in figure 4. The tensile fractograph of 
the as-extruded alloy is shown in figure 4(a), which displays a number of dimples and ridges. The presence dimples 
are the proof for ductile fracture. The main peculiarity of the dimples visible in the as-extruded alloy is that, it is 
comprised of a network of shallow dimples. The figure 4(b) gives the tensile fractograph of stress relieved alloy. The 
dimples observed in the stress-relieved alloys are deeper compared to the shallower dimples of the as-extruded alloy. 
In both cases, small phases are observed amidst the dimples. These small phases act as the center for stress 
concentration which ultimately functions as the center for the nucleation process and origin of cracks. The 
micro structure is homogenous and the secondary phases are distributed uniformly across the micro structure of the 
stress relieved alloy. It caused the slow propagation of the crack during the tensile test, which drives to the higher 
fracture strain of the stress-relieved alloy. 



Figure 4: SEM images of the Tensile Fractographs of (a) As Extruded Alloy (El) (b) 

Stress Relieved Alloy (E2). 
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CONCLUSIONS 

A novel quaternary alloy of Mg was successfully fabricated with alloying elements Zn, Cu, and Mn using the powder 
metallurgy process. The influence of the stress relieving process on tensile characteristics of the alloy specimen was 
studied, and the different mechanisms associated were investigated. From the study, it may be concluded as the following. 

• It is observed that a vital improvement is achieved in the mechanical properties of the extruded Mg alloy prepared 
using powder metallurgy and stress relieved at 260 C than pure Mg and the as-extruded alloy. The reason for the 
enhanced mechanical properties is the grain refinement through dynamic recrystallization and uniform 
distribution of different phases across the entire micro structure. 

• It is found that the stress relieving process reduces the size and number of micropores in the alloys, which may be 
the reason for the improved mechanical properties. 

• The addition of Cu in the alloy created the formation of fine inter metallic precipitates of Mg and Zn. Thus, the 
precipitation strengthening played a crucial role in the improved tensile properties. 

• The presence of the dispersed phase MgZnCu hinders the evolution of the dislocation during deformation, which guides 
to the increased fracture strain of the alloy. Moreover, it helps to improve the high temperature performance of the alloy. 

• The fractographs consisted of dimples and ridges reveal ductile fracture has occurred. 
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